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This work investigates the response of the vortex breakdown region of a swirling, annular jet to transverse acoustic excitation for both non-reacting and reacting flows. This swirling flow field consists of a central vortex breakdown region, two shear layers, and an annular fluid jet. The vortex breakdown bubble, a region of highly turbulent recirculating flow in the center of the flowfield, is the result of a global instability of the swirling jet. Additionally, the two shear layers originating from the inner and outer edge of the annular nozzle are convectively unstable and rollup due to the Kelvin-Helmholtz instability. Unlike the convectively unstable shear layers that respond in a monotonic manner to acoustic forcing, the recirculation zone exhibits a range of response characteristics, ranging from minimal response to exhibiting abrupt bifurcations at large forcing amplitudes. In this study, the response of the time-average and fluctuating recirculation zone is measured as a function of forcing frequency, amplitude, and symmetry. The time-average flow field is shown to exhibit both monotonically varying and abrupt bifurcation features as acoustic forcing amplitude is increased. The unsteady motion in the recirculation zone is dominated by the low frequency precession of the vortex breakdown bubble. In the unforced flow, the azimuthal m = −2 and m = −1 modes (i.e., disturbances rotating in the same direction as the swirl flow) dominate the velocity disturbance field. These modes correspond to large scale deformation of the jet column and two small-scale precessing vortical structures in the recirculation zone, respectively. The presence of high amplitude acoustic forcing changes the relative amplitude of these two modes, as well as the character of the self-excited motion. For the reacting flow problem, we argue that the direct effect of these recirculation zone fluctuations on the flame response to flow forcing is not significant. Rather, flame wrinkling in response to flow forcing is dominated by shear layer disturbances. Recirculation zone dynamics primarily influence the time-average flame features (such as spreading angle). These influences on the flame response are indirect, as they control the transfer function relating shear layer fluctuations and the resulting flame response. C 
I. INTRODUCTION
This paper describes an investigation of the effects of transverse acoustic excitation on a nonreacting and reacting swirl flow with vortex breakdown. Swirl is often used in combustors to enhance flame stabilization by creating a low velocity region in an otherwise high speed flow, or by recirculating hot combustion products and radicals back toward the reactants in the low velocity a) Author to whom correspondence should be addressed. E-mail: jaoconnor@gmail.com. Telephone: 925 294 6192. Fax: 925 294 1004. Figure 1 illustrates the basic geometry considered in this study, showing an annular, swirling jet that is excited by a transverse acoustic field. This notional picture shows the annular swirling jet with two spanwise shear layers emanating from each edge of the annular nozzle, and the large central recirculation zone downstream of a centerbody. In this configuration, the flame is stabilized on the centerbody and resides in the inner shear layer.
We start with an overview of high swirl number flows with vortex breakdown. Vortex breakdown stems from a global instability of the swirling jet and arises from the conversion of radial and axial vorticity to azimuthal vorticity. 19 Though several states of vortex breakdown are possible, 20 , 21 the one of primary interest here is the bubble-type vortex breakdown state (VBB), which appears at higher swirl numbers. This bubble creates a time-average "blockage" in the flow, forcing the fluid to flow around the bubble and converting even circular jets into a sort of annular jet downstream of the breakdown bubble stagnation point. A large literature on the mechanisms of breakdown and swirling flow structure exists, e.g., see Liang and Maxworthy, 22 Billant et al., 23 and others. [24] [25] [26] [27] [28] Combustion significantly alters swirling flow features. 29, 30 Combustion induced heat release, and the associated gas expansion, increases the average axial flow velocity, but has little effect on the average azimuthal velocity, leading to a decrease in swirl number and an increase in axial velocity gradients and shear. As such, both the time-average (bubble length, width, backflow velocity) and dynamical features of the flow are effected by heat release, but in a manner that is a strong function of the configuration and operating conditions of the device, so that few general comments on heat release effects can be made.
We next consider annular, swirling jets in more detail. As is evident in Figure 1 , this geometry introduces two spanwise shear layers originating from the inner and outer annulus edges, and two streamwise shear layers associated with the azimuthal flow. These shear layers are subject to the Kelvin-Helmholtz instability, which can be convectively or absolutely unstable, depending upon the reverse flow velocity and swirl number. 31, 32 In addition, the centerbody introduces a wake flow. For small centerbody diameters and/or weak swirl, the time-average wake closes upstream of the upstream stagnation point of the vortex breakdown region, and thus the two flow structures (centerbody wake and VBB) are distinct, as shown in Figure 2 (a). For larger centerbodies and strong swirl, the wake and vortex breakdown bubble merge into a single, interacting structure, as shown in Figure 2 (b) (Ref. 33) . This, in turn, influences the potential flame shapes that can be present in both geometries, as shown in Figures 2(c) and 2(d). When the vortex bubble is detached as in Figure 2 (c), flame stabilization is possible in the stagnation region preceding the VBB or in one or both of the low velocity shear layers. In this way, four different flame topologies (all of which have been experimentally observed [34] [35] [36] ) are possible. For example, the OH PLIF images discussed in Ref. 34 show a flame stabilized by the stagnation region preceding the VBB and the outer shear layer, as in Figure 2 (c). In contrast, when the centerbody wake and vortex breakdown bubble are merged, as in Figure 2 (d), no nearfield stagnation point is present in the flow, and the flame stabilizes in the shear layers.
We next consider effects of harmonic acoustic forcing on the flow and, particularly, the effects of excitation amplitude. In this discussion, it is important to recognize the different types of instabilities present in the flow, particularly their absolute or convectively unstable nature. This specific flow field can be roughly broken into the convectively unstable shear layers and the absolutely unstable swirling jet, which results in a vortex breakdown bubble. While useful, this demarcation should not be taken too far, though, as interactions between flow structures does exist, particularly between the flow structures in the VBB and the inner shear layer. The convectively unstable shear layers are treated first. A free shear layer is a convectively unstable flow, where the separating vortex sheet rolls up into concentrated regimes of vorticity that pair with downstream distance. 32, 37 As a disturbance amplifier, shear layers respond strongly to acoustic forcing. 31, [38] [39] [40] [41] In this case, the vortex passage frequency locks onto the forcing frequency, generally through a vortex pairing or collective interaction phenomenon. 42 Acoustic forcing has been shown to have similar effects on the shear layers in a variety of flow geometries, including circular, annular, and swirling jets. 11, [43] [44] [45] [46] [47] [48] [49] Consider next forcing effects on the VBB, a result of absolute instability in the flow field. The effect of harmonic motions on the stagnation point in the flow is, as argued above, an important consideration for flows with small centerbodies and/or weak swirl. Khalil et al. 50 showed that high levels of forcing, over a limited range of forcing frequencies, could elicit a response in the vortex breakdown bubble. The response of the bubble, measured by movement of the upstream stagnation point, grew monotonically with forcing amplitude at a variety of different swirl numbers. In the presence of a flame, bulk pulsations of the flow buffet the entire VBB, such as can be seen in the OH PLIF images from Thumuluru and Lieuwen. 34 Indeed, several investigations of harmonically forced swirl flames have attributed some characteristics of the unsteady heat release to the dynamics of the stagnation point and bubble motion. 34, 51 For example, Figure 3 illustrates the measured relationship between unsteady heat release of a longitudinally forced swirl flame upon excitation amplitude. 34 Curve (a) represents a typical manifestation of the nonlinear characteristics of the flame response. [52] [53] [54] [55] Curve (b) shows a result with a highly non-monotonic flame response-excitation amplitude relationship, illustrative of a few similar type response curves measured in swirl flames. In this study, OH PLIF measurements of the flame response characteristics at different forcing amplitudes provided strong evidence that this behavior could be directly attributed to the nonlinear dynamics of the VBB upstream stagnation point that, in turn, directly influenced the time evolution of the central portion of the flame. In other words, it was suggested that the nonlinear flame response shown in curve (b) is not due to some intrinsically nonlinear characteristic of the flame itself, but the flame adjusting to the highly nonlinear flow field response to excitation.
Another effect of forcing is on the dynamics of the internal structure of the VBB (Refs. 50, 51, and 56). Here, the globally unstable nature of vortex breakdown appears to be key to understanding the response characteristics. Globally unstable systems execute self-excited, limit cycle motions, even in the absence of external forcing. 57 For this reason, low amplitude forcing has minimal impacts on the VBB dynamics. This behavior is to be contrasted with that exhibited by the convectively unstable shear layers and the entire VBB itself, whose space/time position is influenced by the outer flow oscillations. Large eddy simulation (LES) simulations of a forced swirl flow by Wang and Yang 47 showed periodic fluctuations in size of the vortex breakdown bubble under limit-cycle amplitude acoustic forcing. In this case, the size of the bubble fluctuated in accordance with the longitudinal acoustic forcing.
At high acoustic excitation amplitudes, significant changes in the shape and natural oscillations of the vortex breakdown bubble can occur. This is due to a phenomenon known as lock-in or entrainment, where the system oscillations are entrained by the external forcing and oscillate at the forcing frequency rather than the unforced frequency. 58 Additionally, high amplitude acoustic forcing can change the time-average shape of the flow, causing the vortex breakdown bubble to grow in both size and strength. Several studies 48, 59, 60 showed changes in the time-average shape of the vortex breakdown bubble under strong longitudinal acoustic forcing. In these cases, the strength of the recirculation increases along the centerline, particularly near the nozzle exit. Finally, high amplitude acoustic forcing has been shown to inhibit, and even reverse, vortex breakdown in flows with lower swirl numbers in the hysteretic region. 50 In these cases, acoustic forcing has the ability to push the flow across the stability boundary and inhibit a bifurcation in flow structure.
An important manifestation of global instability in swirl flows is the presence of narrowband oscillations in the form of the precessing vortex core (PVC) (Ref. 51) . Several factors influence the response of the PVC to acoustic forcing, including both flow and geometric parameters. In some cases where the bubble has intrinsic narrowband oscillations, external excitation at that natural frequency of oscillation can cause further amplification of this oscillation. 61 For example, LES studies by Iudiciani and Duwig 60 show that low frequency forcing (St < 0.6) resulted in a decrease in the strength of the PVC fluctuation amplitude, while higher frequency fluctuations resulted in increases in PVC fluctuation amplitude.
The presence of transverse forcing adds an additional degree of freedom to the forced problem because of the non-axisymmetric nature of the forcing. 49, [62] [63] [64] Unforced swirling flows are not generally instantaneously symmetric; 20 e.g., swirl biases the strength of co-and counter-signed helical instabilities. Moreover, non-axisymmetric forcing can preferentially excite certain non-axisymmetric modes in a different manner than they would otherwise naturally manifest themselves. Some studies using asymmetric acoustic forcing have shown that strong forcing can lead to bifurcations in the structure of a non-swirling jet, leading to such phenomena as "bifurcating" and "blooming" jets. 65 With this as background, we finally discuss the influence of these flow features on the response of attached flames to flow disturbances. In particular, we are interested in understanding the nonlinear character of the flame response. To start, we note that the flame response is controlled by both the unsteady and time-average features of the flow. The space-time character of the disturbance field, particularly at the forcing frequency, plays a significant role in exciting disturbances on the flame. In this regard, the earlier distinction between the absolutely unstable vortex breakdown bubble and convectively unstable shear layers is fundamental to understanding the key unsteady flow structures that disturb the flame. The convectively unstable shear layers are amplifiers that respond to the external forcing. Moreover, since attached flames ride directly along the shear layer, as shown in Figure 1 , the instability characteristics of the shear layers dominate the flame forcing.
In contrast, the globally unstable breakdown bubble exhibits intrinsic dynamics that are relatively independent of low amplitudes of excitation. 47, 66 Therefore, the basic dynamics of this flow remains unchanged in the presence of low amplitude acoustic forcing. We postulate that the key way in which the VBB influences the flame response to excitation is by controlling the time-average flow field, and by influencing the downstream evolution of the shear layers (e.g., they appear to lose coherence much quicker in the presence of vortex breakdown 67 ). It is also clear that VBB dynamics have a significant influence on the nonlinear dynamics of the flame. For attached flames, we postulate that this influence primarily occurs through changes in the time-average features in the VBB (Ref. 50), i.e., the time-average velocity field is a function of disturbance amplitude. Indeed, the motivation for this study resulted from visually obvious, abrupt changes that were observed in the time-average flame shape at high amplitude forcing, as detailed further in this paper.
This study focuses on the VBB dynamics in response to transverse forcing of varying amplitude and frequency, with particular emphasis on nonlinear dependencies of instantaneous and time-average flow and flame features. The shear layer response is described in another publication.
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The rest of this paper is organized as follows. In Sec. II, we introduce the experiment, with details about the acoustic forcing and diagnostics used. In Sec. III, we discuss the analysis techniques and in Sec. IV, we discuss experimental results for a variety of conditions. Discussion of the implication of these results to our understanding of swirling jet instabilities is reviewed at the conclusion of the paper in Sec. V.
II. EXPERIMENTAL SETUP

A. Experiment
Experiments were conducted in a flow facility designed for transverse acoustic forcing of both non-reacting and reacting jets, as is shown in Figure 4 . The main test section consists of a ceramic insulated stainless steel vessel with inner dimensions of 114.3 × 35.6 × 7.6 cm 3 , where transverse forcing is applied in the longest direction (114.3 cm) and the flow direction is in the next longest direction (35.6 cm). The annular jet is located at the center of the test section; the outer diameter of the jet is d outer = 3.18 cm and the inner diameter is d inner = 2.18 cm. The exit plane of the test section has four circular exhaust ports, each with a diameter of 5.08 cm. This exhaust design was developed using finite element based acoustic modeling of the chamber to minimize distortions of the incident planar acoustic field in the transverse direction.
The experiment is fed with a 20 psi (gauge) air supply that is regulated with an orifice plate/differential pressure transducer setup. Air flows through a large settling chamber with a perforated plate to break up large flow structures before entering the nozzle cavity. The nozzle cavity, shown in Figure 5 , has a length of h = 9.5 cm. It contains a swirler, located a distance h s = 3.8 cm from the cavity entrance, with a centerbody of length h CB = 5.1 cm extending downstream. Two swirlers were tested with geometric swirl numbers of 0.85 and 0.5 (Ref. 68); both flows exhibited bubble-type vortex breakdown. 27 The blade angles for these two swirl numbers are 45
• and 30
• , respectively. Experiments were run with an average nozzle velocity of u o = 10 m/s, corresponding to a Reynolds number based on outer jet diameter of 21 500. During the reacting tests, natural gas and air were premixed to an equivalence ratio of 0.9 three meters upstream of the settling chamber to ensure a spatio-temporally uniform mixture stoichiometry at the flame.
B. Acoustic forcing
The transverse acoustic field is excited using six speakers, three on either side of the test section. Each speaker is placed at the end of a 1 m tube to ensure they did not become overheated from the hot combustor test section. Acoustic pressure mapping of the entire wave field in the facility, as well as finite element acoustic modeling of the system, demonstrated that the cold flow acoustic field is nearly planar over the frequency range of 400-1200 Hz in the central region of the facility where the nozzles and flame are. Slight deviations from the plane wave mode are due to two-dimensionality in the nozzle region; this deviation has been quantified with acoustic simulations from Comsol. Along the centerline of the combustor, the amplitude of pressure fluctuation varies 0.1%, 0.1%, and 0.7% of the mean in the 400 Hz, 800 Hz, and 1200 Hz in-phase forcing cases, respectively. Likewise, the amplitude of transverse velocity fluctuations vary by 2%, 2%, and 2.2% of the mean in the 400 Hz, 800 Hz, and 1200 Hz out-of-phase forcing cases, respectively. Indeed, extensive finite element modeling work done in the design phase was used to prescribe key facility dimensions to ensure that the evanescent, three-dimensional disturbance features excited near the acoustic drivers decayed before reaching the nozzle section. The presence of the flame and nozzle necessarily alters the acoustic field structure, but the forcing field incident on these regions very closely simulates a one-dimensional transverse wave field, as will be discussed below. The plane wave nature of the transverse acoustic field has also been observed experimentally from particle image velocimetry (PIV) results discussed in Ref. 11 . A variety of different transverse acoustic fields, ranging from traveling to standing waves, can be set up by varying the relative amplitude and phasing of the speakers on the two sides of the combustor. In this study, the speakers were driven with the same excitation voltage either at 0
• or 180
• with respect to each other to create a standing wave, referred to as "in-" and "out-of-phase," respectively. Ideally, in-phase driving results in an acoustic pressure anti-node, a symmetric velocity field, and an acoustic velocity node along the centerline of the jet. Similarly, out-of-phase driving creates asymmetric velocity fluctuations about the centerline, an acoustic velocity anti-node, and an acoustic pressure node along the center of the jet. In experiments without flow, these ideal acoustic mode shapes could be realized. In experiments with flow, there are additional velocity fluctuations associated with hydrodynamic flow instabilities (i.e., vortical disturbances). In addition, inherent asymmetries in time-average flow lead to asymmetries in the velocity field fluctuations. As shown later, the result of this is that in-phase velocity fluctuations are smaller than out-of-phase, but not negligible. Transverse acoustic forcing inevitably excites longitudinal fluctuations near the nozzle exit because of the oscillating pressure drop across the nozzle. This process has been described by the authors and others in Refs. 10, 12, and 69 and is referred to as "injector coupling" in the rocket literature. 17 The fluctuating pressure at the nozzle exit excites axial acoustic oscillations in the swirler nozzle. These axial acoustic flow disturbances in and around the nozzle are a function of the nozzle geometry and acoustic impedance. The spatial average of the transverse flow velocity, defined as v (t), was used as a reference acoustic forcing measure. 10 A spatial average was chosen in order to capture the acoustic motion, which should be constant over the averaged location, while removing much of the turbulent component through averaging. The instantaneous reference transverse velocity, see Eq. (1), was obtained from an average of local values over one outer jet diameter downstream along the centerline of the flow as given by
Here, u r is the instantaneous transverse velocity, D outer is the outer diameter of the swirler nozzle, and v is the transverse acoustic reference velocity, which is only a function of time. The Fourier transform of the integrated velocity was then calculated and the amplitude at the forcing frequency extracted. This amplitude will be used throughout the paper as a measure of the amplitude of acoustic excitation for both the in-phase and out-of-phase forcing situations. Figure 6 plots the measured spatially averaged transverse reference velocity fluctuation, v , at the forcing frequency for the range of conditions presented in this work. It shows that the transverse disturbance amplitude rises almost linearly with excitation voltage. As expected, the out-of-phase cases shown in Figure 6 have higher transverse velocity amplitudes than their in-phase counterparts at the same frequency. Additionally, the 400 Hz and 800 Hz cases have very strong transverse velocities, while the 1200 Hz case is weaker due to the lower response of the drivers at this frequency. The induced axial velocity fluctuations are proportional to the amplitude of transverse velocity fluctuations.
C. Diagnostics
Velocity measurements in this study were made using high-speed particle image velocimetry. The laser is a Litron Lasers Ltd. LDY303He Nd:YLF laser with a wavelength of 527 nm and a 5 mJ/pulse pulse energy at the 10 kHz repetition rate used for these experiments. The Photron HighSpeed Star 1.1 camera has a 640 × 448 pixel resolution with 20 × 20μ pixels on the sensor at a frame rate of 10 kHz. A LaVision divergent sheet optic, with a f = −20 mm cylindrical lens, was used to create a 1 mm thick sheet. The sheet entered the experiment from a window at the exit plane of the combustor and reached a width of approximately 12 cm at the dump plane. This alignment will be referred to as the x − r alignment.
A second set of PIV data was taken to look at the swirling component of the flow. Here, a laser sheet with a thickness of approximately 1 mm and a width of 10 cm entered the front window at a height of 0.7 cm above the dump plane. An Edmunds Optics 45
• first surface mirror was placed above the exit port window and the camera was aligned and focused on the image on this mirror. Special care was taken to ensure that there was no distortion in the particle image in the mirror; mirror/camera alignment was checked often. This alignment will be referred to as the r − θ alignment.
The experiments used aluminum oxide seed particles with a mean diameter of 2 μm and a size distribution of 0.9-2.2 μm based on manufacturer's specifications. Calculations of the frequency response of these particles using expressions from Melling 70 and Mei and co-workers 71, 72 show that the Stokes number of the particles in this study are in the low Reynolds number, low frequency limit, between 0.02 and 0.04. As a result, Stokes drag coefficients are on the order of 10 −2 and the particles follow the harmonic oscillations with great accuracy. Image pairs were taken with a separation time, dt, of nominally 20 μs for the x − r alignment and 25 microseconds for the r − θ alignment. This time varied slightly with swirl number, ±2 μs, as out-of-plane loss-of-pairs increases with larger swirl numbers. Five hundred image pairs were taken at each test condition.
Velocity field calculations were performed using DaVis 7.2 software from LaVision. The velocity calculation was done using a three-pass operation: the first pass at an interrogation window size of 64 × 64 pixels, the second two passes at an interrogation window size of 32 × 32, each with an overlap of 50%. Each successive calculation uses the previously calculated velocity field to better refine the velocity vector calculation; standard image shifting techniques are employed in the calculation. The correlation peak is found with two, three-point Gaussian fits, whose typical values ranged from 0.4 to 1 throughout the velocity field. There were three vector rejection criteria used both in the multi-pass processing steps and the final post-processing step. First, velocity vectors with magnitudes greater than 25 m/s were rejected as unphysical for this specific flow. Second, median filtering was used to filter points where surrounding velocity vectors had an RMS value greater than three times the local point. This filter is used to rid the field of spurious vectors that occur due to issues with imaging, particularly near boundaries. Third, groups of spurious vectors were removed; this operation removes errors caused by local issues with the original image, including window spotting, and are aggravated by using overlapping interrogation windows. Finally, vector interpolation was used to fill the small spaces of rejected vectors. Overall, an average of 8% of vectors were rejected and replaced with interpolated values.
In additional, high-speed, line-of-sight video of flame luminosity was used to characterize the flame position. These images were taken using a Photron High Speed Star 1.1 camera at 5000 frames per second. The camera's CMOS sensor is sensitive at wavelengths between 400 and 1000 nm, with peak sensitivity in the 500-700 nm wavelength range. Each data set contains 500 images, resulting in a spectral resolution of 10 Hz.
III. DATA ANALYSIS METHODS
Several techniques were used to quantify the behavior of the vortex breakdown region and the effect of transverse acoustic forcing. The use of high-speed PIV diagnostics allowed for spectral analysis of the data, which was used extensively in this study. First, spectra of several quantities were calculated using fast Fourier transforms. Five hundred images were taken at 10 kHz, resulting in a spectral resolution of 20 Hz and a maximum resolvable frequency of 5 kHz. In this way, the amplitude and phase of fluctuations at this range of frequencies can be seen across the field of view.
The frequency domain velocity was also used to decompose the flow field into spatial mode shapes in the r − θ cases. This type of decomposition can be used to quantify the mode shapes appearing in the θ -direction at different radii from the center of the flow. This technique has been used previously 7, 73 to calculate the mode shapes in jets and axisymmetric wakes. In this analysis, the radial and azimuthal velocities are extracted from the instantaneous velocity fields at 8 radial locations and 21 points around each radius. From there, the Fourier transform is performed at each point and a spectrum of velocity fluctuations at each point is produced. In this way, the fluctuations at each frequency can be decomposed into a set of spatial modes in the θ -direction at each radius with the expression in Eq. (2), Several results from this analysis are presented in this paper. It should be noted that each mode strength, A m and B m , has not only a spatial modal dependency, but also a frequency dependency. This means that the spatial mode distributions over a variety of mode numbers, m, can be plotted at specific frequencies, or integrated over frequency ranges. Both approaches are used in order to present results. The first approach eliminates the frequency dependence by calculating mode strengths, u r,int , that have been integrated over a frequency band. These values are then normalized by the spectral bandwidth in order to give an average spectral density (units of Hz −1 ). A second approach looks at the mode strength at the forcing frequency only. This quantity captures the motion due to and in response to acoustic excitation; in particular, it is useful for capturing the strong response of the shear layers to the excitation.
Next, quantification of the shape of the flow was achieved by measuring the angle of the annular jet (for the non-reacting cases) and the flame (for the reacting cases). The angle of both the jet and the flame provides a useful quantification of the vortex breakdown size; the wider the angle (from the vertical), the larger the vortex breakdown bubble. As discussed above, the vortex breakdown bubble size and shape controls many features of the "outer" flow field.
To measure the jet angle, a reference jet location was calculated by finding the maximum axial velocity at each downstream distance. Then, a nonlinear least-squares curve fit routine was used to fit a line to the jet path between x/D = 0 to x/D = 0.5. A similar process was used to calculate the flame angle. First, the luminosity flame images were thresholded and binarized in order to find the edge of the flame luminosity; the threshold value was 20% of the maximum intensity of the image. Analysis of the sensitivity of the results to variations in this threshold of showed minimal variations in the reported trends. Then, the same nonlinear least-squares curve fit routine was applied to the extracted edge between x/D = 0 to x/D = 0.5 and the flame angle calculated from the slope of that fit. The time series were divided into five ensembles and the angle of the jet/flame was calculated for each ensembles separately; the average angle is reported and the standard deviation of these angles were used to estimate the uncertainty in this measurement.
IV. RESULTS
This section organizes the results into four segments. First, we present measurements of the nonreacting unforced flow to establish its baseline characteristics. Both the time-average and self-excited dynamical characteristics are discussed. Next, the effect of acoustic forcing on the time-average features is described for the non-reacting flow. Third, we present results for the effect of acoustic forcing on the unsteady flow field for non-reacting flow. Finally, we show results for reacting flow and comment on the effect of heat release.
A. No forcing results, non-reacting flow
This section presents a baseline characterization of the time-average flow without external forcing. Figure 7 shows the non-reacting, normalized axial velocity and azimuthal vorticity normalized by the bulk velocity divided by the annular gap width. The axial velocity plot shows the jets on either side of the centerline with the reverse flow region in the center that is merged with the centerbody wake. The two shear layers on each side of the annular jets are evident in the vorticity plot. The instantaneous flow field reveals substantially more small scale structure, as shown in Figure 8 . Natural fluctuations in the axial velocity due to turbulence can be seen in the jet, and the vortex breakdown bubble has a more contorted edge and more complicated internal structure on an instantaneous basis. The zero axial velocity contours have been plotted in these images to further emphasize this point; the zero axial velocity contours on either side of the centerline are indications of the boundary of the central recirculation zone.
The time-average azimuthal velocity field is shown in Figure 9 , obtained at measurement planes x/D = 0, 1, and 2 above the bottom of the field of view, 0.7 cm from the dump plane. These timeaverage views show a swirling jet with a relatively uniform profile in the radial direction across the annular width at x/D = 0, but the highly non-axisymmetric shape of the combustor affects the shape of the jet further downstream. At x/D = 1, the jet is slightly less axisymmetric, and by x/D = 2, the influence of the high aspect ratio combustor shape is evident. At this location, the flow is able to spread freely in the r-direction, while it is confined in the z-direction. Additionally, this downstream development of the jet is exacerbated by the sensitivity of swirling flows to non-axisymmetric disturbances and boundary conditions. Figure 10 shows axial and transverse velocity spectra at several axial locations at the flow centerline and at the left and right edges of the time-average recirculation zone boundary, as are shown in Figure 8(a) . The velocity spectra show low frequency content in all these regions of the flow that oscillates at an amplitude of up to 20% of the mean flow velocity. Figure 10 shows the presence of significant amounts of narrowband, low frequency motion throughout the flow field. As discussed in the Introduction, swirling flows are susceptible to a variety of flow instabilities, including shear layer rollup 48, 74 and vortex breakdown bubble movement. 50 In this case, the low frequency motion is the result of a precessing vortex core in the vortex breakdown region. To visualize this, filtered velocity data in the r − θ plane are shown in Figure 11 as a series of images at progressive instances in time. Here, the velocity data have been low-pass filtered at 200 Hz using a second-order Butterworth filter. This low-order filter captures the pertinent motion in the low frequency range while blocking any motion due to the system resonance near 400 Hz. Filters with cutoff frequencies between 160 Hz and 240 Hz were tested with little change to the results discussed below. To highlight the coherent motions in this flow, dotted lines have been drawn to indicate the major axis of the jet column and circles have been drawn about the instantaneous flow centers, or locations of zero rotational velocity. Two concurrent motions are evident from this series of velocity fields in Figure 11 . The first is a fluctuation in the overall shape of the jet, while the second is due to two smaller-scale coherent structures in the central recirculation zone. Notional sketches of these two motions are shown in Figure 12 .
First, as is seen in the time-average image in Figure 9 (c), the jet at x/D = 1 spreads preferentially toward the top-left and bottom-right quadrants of the image. In the time series of the low frequency motion, a "quasi-periodic" squeezing and contracting of the jet along the axis along which the jet is biased is observed. These oscillations are called "quasi-periodic" to indicate the presence of phase jitter, or cycle-to-cycle variations, in the timing of these motions across many cycles; this is a common feature of self-excited motion in highly turbulent flows. 75, 76 A notional picture of this motion is shown in Figure 12 . First, the stretch in the jet, resulting in an elliptical shape of the jet column, can be seen in Figure 11 (b) and Figure 11(d) , as is indicated with dotted lines. This is reflected in the sketch in Figure 12 in time-instance t = 0.5 ms and t = 13.1 ms. Deformation of the jet in the opposite direction is evident at the subsequent time, in Figure 11 (c) and Figure 11 (f) and shown using dotted lines. This is reflected in the sketch in Figure 12 in time-instance t = 10.1 ms and t = 20.1, with a transitional time shown in time-instances t = 4.1 ms and t = 17.1 ms. This motion is indicative of the m = −2 mode in the jet, as discussed later; here the jet pulses in each direction twice as the motion rotates once around the center of the jet. The second motion is smaller scale, and involves two coherent structures that precess about the center of the flow field. These can be seen in several of the images in Figure 11 , circled with a dashed line. While these coherent structures clearly precess around the center of the flow field for parts of the "cycle," they also overlap, as is shown in the instances in Figures 11(a)-11(c) . This is reflected in the notional images shown in Figure 12 , where at time-instances t = 13.1-20.1 ms, the structures are separate, but at time-instances t = 0.5-10.1 ms they seem to overlap.
The periods of rotation of these two motions are not the same, but instead the period of one rotation is twice that of the other. The longer period, referred to as T 1 , describes the motion of the two smaller scale coherent structures in the recirculation zone and is given by mode m = −1. This period is approximately T 1 = 20 ms, as is shown in Figure 12 . The shorter period, referred to as T 2 , is the deformation of the jet column that rotates around the center axis over a period of approximately T 2 = 10 ms, associated with m = −2 disturbances.
The two small-scale structures follow the macro-movement of the jet described above, and may actually be the cause of this semi-periodic squeezing of the jet column, described as a m = −2 motion. Local to these two structures, the motion of the structures is better described by an m = −1 motion. The smaller structures pulse radially in two separate motions, over a time period T 1 , as the entire jet deforms over a time period of T 2 . During the first half of period T 1 (one full rotation of the motion over period T 2 ), the small-scale structures overlap significantly, appearing as a single structure that just deforms as the jet does. This can be seen in the images in Figure 12 during time-instances t = 0.5-10.1 ms and Figures 11(a)-11(c) . During the second half of time period T 1 (again, one full rotation of the motion over period T 2 ), the two structures are clearly separated, although the shape of the jet column does not differ significantly between this cycle and the previous. This more separated motion can be seen in Figure 12 during timeinstances t = 13.1-20.1 ms and Figures 11(d)-11(f) . Given that these smaller structures cycle through their oscillation during two rotations of the jet column deformation, they appear as oscillations in the mode m = −1, while the jet column deformation appears at oscillations of an m = −2 mode.
This motion is similar to that visualized by Huang et al. 77 in LES simulation. This study computed the flow in an annular swirling, reacting jet exiting into a cylindrical combustion chamber. Streamlines of motion in the r − θ plane were shown at two different times for downstream distances of x/D = 1.2, x/D = 1.6, and x/D = 2.2. During part of the cycle, two rotating fluid structures move around the center of the jet and are evident in all three axial planes. In other parts of the cycle, only a single structure can be seen. To quantify this motion, we next present results of the spatial modal decomposition shown in Eq. (2). Figure 13 shows a detail of the low frequency components of the modal decomposition of the radial velocity at the radial location r/D = 0.6. Also, Figure 14 shows the distribution of energy among different modes (Figure 14(a) ) and as a function of radius (Figure 14(b) ).
The rapidly decreases. The inner region of the jet is dominated by the coherent motion from the m = −1 mode, while turbulent mixing between the jet and the quiescent medium around the jet dominates the motion at the outer region of the jet. Outside the jet, or at radii greater than r/D = 0.7, the velocity fluctuates very little, leading to very low mode strengths. Next, the distribution of energy among mode numbers at other downstream locations is similar to those at x/D = 1. At x/D = 2, energy is similarly distributed between modes m = −1 and m = −2, with a small amount of energy in m = 1. The variation of modal strength with downstream location is not uncommon, as the developing profile of the jet changes the local stability characteristics at different downstream locations, such as emphasized by Michalke. 78 Examples of this can be found in Ref. 7 . At x/D = 0, very little energy is present in any of the modes; this is most likely due to the fact that the central recirculation zone is bounded by the centerbody a mere 0.7 cm from this measurement location. Due to the stagnation region associated with the no-slip condition at this boundary, velocities in the recirculation region at this location are small.
These results are consistent with theoretical analyses of swirling wake profiles, which are similar in flow structure to this flow (see Figure 7) . For example, analysis of Loiseleux et al. 79 predicts that lower order modes (i.e., m = −1, −2, . . . ) spinning in the direction of swirl are absolutely unstable. The amplification rates of the resultant disturbances are highly dependent on swirl number and backflow ratio. 79 They similarly predict that the symmetric, m = 0, mode is stable and that the most amplified helical modes shift from negative mode numbers to positive mode numbers for flows with jet-like profiles.
B. Effect of acoustic forcing on time-average flow, non-reacting flow
Acoustic forcing can have both minimal and significant effects on the size and shape of the vortex breakdown bubble, depending upon acoustic forcing conditions. In general, this result reflects the globally unstable nature of the VBB. The range of motion of the VBB is constrained by the fact that it is merged with the centerbody wake, moving the lower stagnation point of the bubble to the centerbody face and effectively anchoring the structure in this location. Nevertheless, the shape of this structure exhibits sensitivity to disturbance amplitude and frequency, in some cases quite dramatically, as discussed in this section.
An important manifestation of the vortex breakdown size is in the time-average spreading angle of the annular jet. bubble as a function of increasing forcing amplitudes, one at 400 Hz out-of-phase and one at 800 Hz out-of-phase forcing.
A key take-away from this graph is the slight influences of forcing in some cases, but also the significant effects that it can have in other select cases. In all in-phase cases, there is no discernible change in jet angle over the range of amplitudes and frequencies tested, and as such, these results are not shown here. Larger transverse forcing amplitudes are achievable for the out-of-phase forcing cases, and the amplitudes for the 400 Hz and 800 Hz out-of-phase cases are comparable, as is seen in Figure 6 . In the 400 Hz out-of-phase case, the angle of jet spreading does not change significantly within the uncertainty of the measurement over the range of forcing amplitudes considered. This behavior is the same as that observed for all in-phase forcing cases and most out-of-phase forcing cases.
However, sharp changes in flow angle occur at select cases, most prominently in the 800 Hz out-of-phase forcing, at v /u o = 0.46. Here, the time-average jet angle increases significantly; the jet remains in its wider state at higher amplitudes of forcing as well. This behavior is characteristic of a bifurcation in flow states, as can be seen in the time-average velocity fields in Figure 16 .
Before the bifurcation point, the jet tilts slightly to the left with increased forcing amplitude, although the structure is fundamentally similar to that of the flow without acoustic forcing, seen in Figure 8 . After the bifurcation point, the vortex breakdown bubble enlarges to over twice its original size, forcing the annular jet to an almost wall-jet-like configuration. This bifurcation phenomenon was highly repeatable. At higher levels of acoustic forcing beyond the bifurcation the bubble becomes slightly bigger but the flow topology stays the same. This behavior was, on occasion, also observed at other forcing frequencies and configurations at high forcing amplitudes, but was not repeatable. These results show that nonlinear effects manifest themselves in two fundamentally different ways: both smoothly varying and nearly discontinuous dependencies of the time averaged flow field upon excitation amplitude. However, we were not able to isolate the controlling parameters governing which type of behavior could occur. For example, in the 800 Hz out-of-phase case, an abrupt bifurcation is observed. However, the corresponding transverse velocity fluctuations are nearly the same in the 400 Hz out-of-phase case where similar behavior was not seen. Figure 17 summarizes the test cases that were analyzed and indicates where similar bifurcations in flow field were observed. Here, it can be seen that only one case exhibited repeatable bifurcation behavior, while most cases did not show this behavior at all. A small number of cases displayed intermittent bifurcation events, in which the change in flow state was not repeatable with multiple tests. This result further emphasizes the nonlinear nature of the response of this flow.
The dependence of several other metrics of vortex bubble size and strength upon forcing characteristics was also analyzed. For example, the size of the bubble was measured using the distance between the edges of the recirculation zone as a function of downstream distance. The results of this analysis are the same as those discussed above, particularly the bifurcation behavior at 800 Hz out-of-phase forcing.
The strength of the vortex breakdown bubble was quantified in two ways. First, the circulation over each half of the bubble was calculated at each acoustic frequency, forcing symmetry, and forcing amplitude. Second, the radially averaged recirculation strength of the bubble at each downstream location was calculated by integrating the axial velocity and normalizing it by the width of the recirculation region at that location. Both these measures showed very little response to the acoustic forcing, even at very high amplitudes, indicating that the strength of the vortex breakdown bubble did not change dramatically with acoustic forcing. This result is not consistent with some studies discussed in the introduction 48, 60 which considered swirling jets without centerbodies. In annular jets with large centerbodies, like the configuration considered here, the no-penetration boundary condition that results from the centerbody may impede significant variation of recirculation flow strength.
C. Dynamical response of flow to acoustic forcing, non-reacting flow
This section discusses the dynamical response of the flow to acoustic forcing. Several types of responses are possible, particularly at high forcing amplitudes. First, the convectively unstable structures in the flow, the spanwise shear layers in particular, respond to the acoustic forcing even at very low amplitudes. These motions, however, are not the focus of this study, as discussed in the Introduction. The motion in the vortex breakdown region can also respond to the acoustic forcing. In this case, three types of response are possible: the self-excited motion can be enhanced, suppressed, or be unaffected by forcing and continue to oscillate independently of the acoustic forcing. In the case that it is suppressed, it is also possible that the instability could "lock-on" to the forcing frequency. This phenomenon has been measured in other absolutely unstable flows, such as bluff-body wakes, 61 but was not seen in the current study.
As described above, the vortex breakdown bubble exhibits self-excited oscillations at low frequencies in the form of a precessing vortex core. These motions contain energy in several modes, but in particular the m = −2 and m = −1 modes, indicative of motion of the overall jet deformation and two coherent structures within the jet recirculation zone. In this section, we present results on the dependence of these low frequency fluctuations as a function of forcing amplitude.
The presence of high amplitude acoustic forcing has a definite effect on the structure and modal content of the low frequency motion. An example of this shown in Figure 18 and Figure 19 , where velocity fields for the low forcing amplitude and high forcing amplitude case at 400 Hz out-of-phase are shown, respectively. While only these cases are shown, they are representative of the type of influence that high amplitude acoustics has on the dynamical features of this flow at a variety of frequencies. In both these cases, images were selected where the structures are located at similar positions as shown in Figure 11 and Figure 12 . Figure 18 shows the cycle of the low frequency motion for the low amplitude forcing case at 400 Hz out-of-phase forcing. In this case, several features seen in the unforced case are evident. For example, the inner coherent structures exist as a single structure through half the cycle (Figures 18(a)-18(c) ) and two structures through the remaining part of the cycle (Figures 18(d) and  18(e) ). Despite that, the transit of these structures away from each other is diminished relative to the unforced case, particularly when the jet is deformed along its bias axis as it is in Figure 11(d) in the unforced case. The overall jet deformation still precesses around the center axis, as shown in Figures 18(b)-18(d) , but the extent to which it deforms is less than in the unforced case. Additionally, the spatial coherence of these motions decreases in the presence of acoustic forcing.
At the higher forcing amplitude, shown in Figure 19 , the coherent motion of the fluctuation is highly altered. In this case, the coherent structures in the center of the recirculation zone appear to "merge" and "separate" as before, but do so in a much less regular fashion. Furthermore, the deformation of the overall jet structure is more irregular and aperiodic. While not shown here, these results are congruent with those seen at other forcing frequencies and forcing symmetries.
To quantify these changes, the integrated energy between 0 and 200 Hz (as shown in Figure 14 ) can be tracked as a function of forcing amplitude, mode number, radius from the centerline, forcing frequency, and forcing symmetry. The strength of mode m = −1 decreases as the forcing amplitude increases and the strength of mode m = −2 decreases even more in the presence of forcing for the out-of-phase cases. This trend can be seen in Figure 20 , which shows the strength of a number of modes at several forcing amplitudes for an out-of-phase forcing case.
Similar trends occur at other forcing frequencies, particularly 800 Hz out-of-phase, as is shown in Figure 21 . Here, mode m = −1 and m = −2 are shown as a function of forcing amplitude for three frequencies, all out-of-phase forcing cases. The same information is shown for the 400 Hz in-phase forcing case in Figure 22 , where acoustic forcing has less influence on the dynamical behavior of the self-excited, low-frequency motion.
It is evident from Figure 20 that high amplitude, asymmetric acoustic forcing can have an effect on the structure of the swirling flow and the dynamical behavior of the vortex breakdown region. In the out-of-phase forcing cases, high amplitude acoustic forcing can suppress the mode m = −1, which describes the motion of the two coherent structures in the recirculation region, and initially enhance the m = −2 mode, which describes the motion of the overall jet deformation. This process can be seen at radii between r/D = 0.4 and r/D = 0.9, where the deformation motion of the jet is dominant. Visualization of this highly nonlinear process can be seen in the flow fields shown in Figure 19 , where evidence of the coherent structures is scarce, but the overall deformation of the jet still exists.
In the in-phase case, the strength of the modes does not change substantially as a function of forcing amplitude. This may be indicative of the influence of acoustic forcing symmetry on the response of the flow. The out-of-phase forcing is asymmetric and adds energy to an asymmetric mode, while the in-phase, or symmetric, forcing case has less impact on the asymmetric mode energies.
These results should not be taken to imply that the flow field is not responding to the forcing. In fact, the convectively unstable shear layers respond quite strongly to the excitation at the forcing frequency. To illustrate, Figure 23 shows the change in the total mode strength over the pertinent flow structures for the low frequency content compared to that at the forcing frequency. In this calculation, the amplitude of the low frequency content was integrated over both the frequency range from 0 to 200 Hz and the radii over which this low frequency motion dominates, r/D = 0 − 0.6. In the case of the shear layer response at the forcing frequency, the energy was integrated over the range of radii r/D = 0.2 − 0.6, the regions in which the inner and outer shear layer dominate. The fluctuation amplitude is normalized by the spectral integration width because of the significantly different spectral widths values used in the two plots.
It is evident from these two modal distributions that there are fundamentally different response characteristics of the low frequency motion in the vortex core and the shear layer motions at the forcing frequency. In the case of the forcing frequency results, the shear layers respond proportionally to the amplitude of the acoustic forcing, and a clear, monotonic growth of the helical m = −1 and m = 1 modes are present for this type of forcing. This is evident from the distribution of energy at the forcing frequency in modes m = −1 and m = 1 across each radial location; the energy peaks in the location of the inner and outer shear layers. In this case, the amplitude of both modes at the highest forcing amplitude is roughly four times higher than that at the lowest amplitude, just as the highest amplitude of transverse acoustic forcing is four times that of the lowest. In contrast, the precessing vortex core does not similarly respond to the acoustic forcing, as is shown in Figure 23 . This behavior reflects the nature of the vortex breakdown region, the manifestation of an absolute instability, in that the response to high amplitude acoustic forcing is highly nonlinear and relatively low amplitude.
D. Reacting flow results
Several of the key phenomena discussed above are also observed in the reacting flow field and flame behavior. In this section, we highlight these observations and the important implications they have for understanding velocity-coupled flame response. Many reacting experimental conditions were considered, including flows with two geometric swirl numbers, 0.85 like the non-reacting data above, and 0.5. In this paper, only the 0.5 swirl number data are considered.
To start, Figure 24 shows the time-average velocity and vorticity field for the unforced, reacting annular swirling jet. Like the non-reacting data shown above, a clear vortex breakdown region exists along the centerline of the flow. There are two shear layers, an inner and an outer, and the flame is stabilized in the inner shear layer. Example spectra of the velocity fluctuations along the jet centerline are shown in Figure 25 . As in the non-reacting case, the narrowband fluctuations are found predominantly below 200 Hz and fluctuation amplitudes at the higher frequencies are quite low. Figures 25(c) and 25(d) show a comparison of the reacting and non-reacting velocity spectra along the centerline at the point x/D = 1, a location that is always in the products stream. Here, it is evident that the magnitude of low frequency fluctuation in the reacting case is lower than that in the non-reacting, showing that the flame damps the self-excited motion in the center recirculation region of the jet. The implications of this will be discussed at the end of this section.
Similar types of behavior are reflected in the time-average shape of the flame, measured as the time-average flame angle from the vertical. As was seen in the jet angle measurements in Figure 15 , the change in the flow structure is dependent on both frequency and forcing condition. Here, increases in the jet angle occur for several cases, including 400 Hz out-of-phase, 1200 Hz out-of-phase, and in particular, 1800 Hz in-phase. Significant changes in the flame shape are evident at 1800 Hz in-phase acoustic forcing, a result shown in Figure 26 . This figure shows time-average images of the flame at several forcing amplitudes.
This behavior has important implications for the amplitude of the flame heat release response to acoustic excitation. As was discussed in the Introduction, the time-dependent behavior of the flame surface is a function of the time-average flame shape. In instances where the time-average flame angle can be changed significantly by acoustic forcing, as it is at 1800 Hz in-phase, then it is important to not only consider the unsteady flow field perturbing the flame, but also the sensitivity of the averaged flame position to the forcing. A key effect of forcing on the vortex breakdown flow structures appears to be changes in its timeaverage character. The fluctuations in the vortex breakdown region associated with the precessing vortex core seem to not be an important contributor to the flow fluctuations exciting the flame. Rather, previous studies by the authors 11 show that the bulk of the flame wrinkling associated with the flow forcing is due to vortex rollup in the shear layers. This effect is shown in Figure 27 , which shows line-of-site luminescence images of the flame under both out-of-phase and in-phase acoustic forcing at 400 Hz. Figure 28 shows an example of the vorticity field superposed with an instantaneous flame edge, extracted from the PIV Mie scattering image (determined using the sharp gradient in seeding density between high density reactants and low density products).
As can be seen from these images, large-scale flame wrinkling is associated with motion in the inner shear layer, whose dynamics are influenced by the nature of the acoustic forcing. In the out-ofphase forcing case, the shear layer rolls up in a helical pattern, as is evident by the staggered vortices seen on either side of the flame in Figure 27 (a). In the in-phase, symmetric, forcing condition, large ring vortices roll up and disturb the flame in a symmetric way, as seen in Figure 27 (b). Both these motions lead to significant flame response at the forcing frequency, as the convectively unstable shear layer responds to the acoustic forcing at the forcing frequency. This is because the flame is stabilized directly in the shear layers and as a result its motions are dominated by shear layer dynamics. Furthermore, because of the convectively unstable nature of the shear layers, they respond quite strongly at the forcing frequency. Additionally, as shown above, the vortex breakdown bubble and its self-excited motions display low amplitude dynamics at frequencies far lower than those of the forcing frequency; the spatial coherence further deteriorates in the presence of acoustic forcing. For these reasons, it is evident that the precessing vortex core does not have a significant impact on overall flame response during high amplitude acoustic forcing of this flow configuration. The flame response is the result of motion in the convectively unstable shear layer and is affected very little by the dynamical structure of the vortex breakdown bubble.
These helical shear layer structures have been seen in LES simulations 67 in both the inner and outer shear layers. A typical result is reproduced in Figure 29 , which shows both a r − x cut and a three-dimensional vorticity isocontour. The rollup of both shear layers is evident in the figure, as well as the complicated vortical motions in the recirculation zone.
V. CONCLUDING REMARKS
The results from this study show that high amplitude transverse acoustic forcing influences both the time-average and dynamic characteristics of the base flow of a swirling annular jet. In these cases, high amplitude forcing changes the intrinsic behavior of the vortex breakdown structure, the manifestation of a global instability in the swirling jet. This result is consistent with our understanding of the characteristics of how globally unstable flows respond to excitation.
We next consider several questions raised by this study. First, what effect does the symmetry of the acoustic forcing have on the response of the vortex breakdown region? Second, what parameters control monotonic versus bifurcation-type changes in the flow field with acoustic forcing amplitude? Next, what role does frequency lock-on of the global instability play in a forced swirling flow with vortex breakdown? And finally, what does the observed behavior of the vortex breakdown region mean for flame response to high amplitude, transverse acoustic excitation? Each will be discussed further below.
Asymmetric forcing results in asymmetric flow response; this is a trend that has been observed in a variety of flows and forcing configurations. This has shown to be a key idea in our analysis of the response of the swirling jet shear layers, but what does it mean for the vortex breakdown bubble, and by extension, the time averaged flow state? In shear layers, the response of these structures to symmetric verses asymmetric forcing fields is quite different. In the in-phase forcing case, a symmetric forcing configuration about the center plane of the experiment, the shear layers roll up into ring vortices on both the inner and outer edge of the annular jet, a symmetric response to a symmetric forcing condition. In the out-of-phase forcing case, the asymmetric forcing condition, the shear layers roll up into helical structures, an obviously asymmetric response to the asymmetric acoustic forcing.
Analysis of the flow field during transverse forcing experiments indicates that transverse forcing has a "bulk" effect on the flow, i.e., the flow sways side to side during out-of-phase forcing cases and stays rather stationary during in-phase forcing configurations. In this study, the vortex breakdown bubble displayed inherent dynamics in the absence of acoustic forcing, and the characteristics of this low frequency fluctuation were moderately altered in the presence of high amplitude acoustic forcing. Results presented here indicate that asymmetric forcing has more of an effect on the asymmetric instability modes, in particular mode m = −2. The mechanism by which this change in the behavior of the intrinsic characteristics was particular to the symmetry or type of acoustic forcing is a question that remains a topic for further investigation.
Second, it is important to consider the nature of the response of the vortex breakdown structure to high amplitude acoustics. In general, the time-average characteristics of the flow changes little with acoustic forcing; the width of the recirculation zone increases slightly with amplitude, pushing the annular jet and flame outwards from the centerline. The exception to this observation is the bifurcation case, 800 Hz out-of-phase forcing. This sharp transition in state observed at only a few operating and forcing conditions seems to indicate that there are indeed different types of flow response behavior. This is consistent with the idea that globally unstable flows exhibit an intrinsically nonlinear response to external excitation. The bifurcation parameters for this type of behavior include frequency, amplitude of acoustic forcing, and symmetry of forcing.
Next, an interesting facet of acoustically forced flows, lock-in of the global mode frequency to the forcing frequency, was not been observed in this study. While the high amplitude acoustic forcing had an effect on the low frequency dynamics of the recirculation zone, this structure was altered but did not lock into the forcing frequency, as is sometimes observed in other flows exhibiting global instabilities. 61 Finally, the change in the time-average flow will have a marked effect on the response of the flame during a combustion instability event. As described above, the dynamic behavior of the flame is dependent on both the time-average flame angle and the fluctuating velocity field. While it is evident that several sources of fluctuating velocity stem from both the convectively unstable structures in the flow, such as shear layers, as well as the absolutely unstable structure investigated in this study, it is particularly interesting to see that the time-average shape of the flow, and as a result, the flame, can be so altered by the presence of high amplitude acoustic forcing. For example, this is evident in the 1800 Hz in-phase case, shown in Figure 26 , where the flame angle flares out at high amplitudes of transverse acoustic forcing. This variation of time-averaged flow field with forcing amplitude must be captured to correctly predict the flame response to high amplitude acoustics.
